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Calculations of Thermal*ReactorKpent +Fuel Nuclide
Inventories and Comparisons with Measurements

W. B. Wilson, R. J. LaBauve, and T. R. England
Theoretical Division, LGS Alamos National Laboratory

Los Alamos, hew Mexico 87545

I. INTRODUCTION.

CINDER-2 is an actinide and fission-product nuclide inventory/aggregate-

property summation code. The code is an outgrowth of :he EPRI-CINDER code,l
2

an improvement upor. the original CINDER code, The devel~pment of these

EPRI-sponsored codes, traced in Fig. 1, has generally been directed toward

the use of abbreviated libraries
3-5

in the accurate calculation of aggregate
6

properties (e.g., fissioa-prcduct neutron absorption) associated with ther-

mal reactor applications. Parallel with this development has been an evolu-

tion of the CINIER-77 and CINDER-10 codes and exhaustive libraries of fis-

sion-product data; these are used in calculating nuclide-inventorya and

aggreg~te fission-product decay properties, including decay spectra
9

and

decay heatinga under essentially any irradiation and cooling history.

CINDER-2 development i~ associated with the development, release and

utilization of the extensive ENDF/B-V actinide and fission-product data

files. The formation of the supplemented ENDF/B-V library for CINDER-2 is

illustrated in Fig. 2. The library includes four-group thermal-reactor-

spectrum cross sections , which were collapsed with the TOAFEW-V code from Lhe
10

associated l!i4-groupprocessed ENDF/B-\’ cross section library. Also in-

cludrd are ENDF/El-V fibsion-product fission yield f-actions, decay branching

fractions, and average decay ●nergies, adjusted where ncce~sary to accommo-

date? implicit nuclidcs and transitions in the nuclide chain structure.
11

ENDF/B-V half-liveB were used to form decay constants for all common nu-

elides. Neutron absorption branching fractions and other data not specified

in ENDF/B-V were acq!.ired from other data sourcern.

The CINDER-2 EhDF/B-V baaed library enablea the calculation of tlIein-

ventory of all actinide nuclides produced in reactor fuel, am well as their
5

aggregate decny properties. The library includes d~ta pcrmiLting the

calrulmtion of the inventory of 211 fission-product nuclides, sufficient to

●ccurately riescribe aggregate neutron ●bsorption mt all times and aggregate



decay properties at cooling times exceeding a few hours. A link to the

EPRI-CELL code12 permits tandem EPRI-CELL/CINDER-2 calculations of thermal

reactor fuelE in which CELL-calculated fluxes and density-dependent self-

shielded cross sectons of the principal actinide nuclides are passed to and

used in CINDER-2. These fluxes and self-shielded actinjde cross sections

affect the inventory calculation of all fission-product and higher actinide

nuclidez and are therefore required for accurate inventory calculations.

Comparisons with integral measurements have demonstrated the accuracy

of CINDER codes and libraries in calctllating aggregate fission-product prop-
6

erties,
13 14,15

including neutron absorption, decay power, and decay spectra.

CINDER calculations have, alternatively, been used to supplement measured
16-19

integral data describing fission-product decay power and decay spec-

tra.20 Becguse of the incorporation of the ●xtensive actinide library and

the use of ENDF/B-V data, it is desirable to compare the inventory of i~-

dividual nuclides obtained from tandem EPRI-CELL/CINDER-2 calculations with

those determined in documented benchmark inventory measurements of spent

renrtor fuel,

11. SPENT FUEL NUCLIDE INVENTORY MEASUREMENTS A.NDTHE ASTM HETliOllE321.

,Fuci isotoplcs measurements generally rely on one or more techniques

described in the AtITIUdl book of ASTM Standards, Part 45, for the determina-

tion of fuel burnup. The most commonly used method hus been ASTM Method

E321-NY, where NY is a two-digit number designating the yenr of original

bdoption (67) or revision (69, 75, 79). E321 is entitled “Standard Test

Hrthod for Atom Percent Fi~sion in Uranium and Plutonium Fuel (Neodynmium-

148 Method).” All versions of E321 define aamplc burnup FT in atom percent

fission using measured nuclide d~!nsity ratjoa in expressions that reduce to

the following cquiationa:

F=
T

F’ X 100./(U’ + h’ + F’), (1)

U’ = IIU stems/#238U atoms, (3)
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238
and Pu’ = iiPu atoms/{} U atoms.

The quantity F’ is determined

(4)

from

F’ = #’48Nd atoms/148Nd yield/#238U atoms. (5)

All versions of E321 relate exposure (MWd/tU) and burnup (atom % fis-

sion) with

FT (MWd/tU) = (9600 2 300) x FT (atom % fission). (6)

Revisions of E321 obviously have been made in pursuit of greater accur-

acy, although this may not be the result.. We have not examined E321-67 or

E321-69, although the latter is referred to in Ref. 21 where the
148

Nd CLUllU-

lative yield is set at 1.68% in H. B, Robinson fuel measurements. E321-75
]48

states that the Nd yield should be “calculated from the fission yields of
148

Nd for each of the fissioning isotopes weighted according to their contri-

bution to iission as measured in ASTM Method E244, Test for Atom Percent

Fission in Uranium Fuel (Mass Spectrometric Method).” However, the para-
235

graph continues, “For U fuels, [the ’48Nd yield] can be assumed to be the

fractional yield for
148

Nd in
235

U thermal fission, which is 0.0161~.” NO

appropriate yield values are given for the other fissionable nuclides. The

aim here toward a “better”
148

Nd yield value is cancelled by the
,,235U

fuels” proviso, which is open to interpretation. Indeed, no spent fuel

isotopics mea~u~ement. reviewed by us to Gate has included a determination of

fission contributions or & weighted yield fraction. All measurements have

235
assumed the U fission yield.

Method E321-79 lists
]48

Nd yield fractions for all four fi~sionable

nuclides and includes a “K” factor to adjust
148

Nd for nonfission production

from ‘47Nd(n, y). The yields here are from Ref. 22, which documented the

third yield set iteration ● n route to the fifth and final yield set used in

ElfIIF/B-V.
The 148

Nd cumulative fission yield fractionta of ENDF/B-IV, -V, prelimi-

nary -VI, ancl E32]-79 are liutrd in Table I. Reference to
,,235

U fuelE” and

-3-



the defacto acceptance of the use of the 235
U fission yield fraction for all

fissions is absent in E321-79.

‘The ’47Nd(n,y) cross section used in calculating K is from Ref. 23,

whnre the repo. 440 b thermal cross section depends linearly on the as-

sumed 50% intensl. of the 30].7 keV neutron capture gamma ray. The argu-

❑ent for this 50% as.l]mption seems weak; a ❑odel code could be used to

determine a more preci:e intensity and thus a ❑ ore precise cross section.

The ENDF/B-V evaluation for ‘47Nd lists a 2200 m/s (n,y) cross section of

49b and resonance integral of 647.8b. The E-321-79 treatment of the K

factor and the
147

Nd(n,y) cross section adjusts the 440b cross section to a

300°C Haxwellian-averaged value of 247b, assmning I/v behavior. This l/v

extension of the Ref. 23 value is compared in Fig. 3 with the ENDF/B-V

representation, which was based on a model code calculation adjusted to

agree with a resonaoce integral measurement. Regardless, no spent fuel

isotopics measurement reviewed by us to date has included a determination of

K or any
14b

Nd density adjustment to correct for neutron absorption effects.

All versions of E321 assume that burnup and exposure are related by Eq.

(6), which assumes that all fissions result in the realization of the same

amount of heat, approximately 201.5 lleV. Our calculations of high-burnup

Calvert Cliffs 1 fuel with EPRI-CELL sho~lthat the heat/fissiol, realized,

using the data of Ref. 24, increases from 201.5 MeV to 220.9 MeV aL 46.8

GWd/t in 2.45% enriched fuel. This increase is due to the increase with A

in recoverable energy/fission excluding capture effects, and an increase

with exposure of the avei.agedecay energy produced in nrutron capture hy tl]c

capture products and duught.ers. The cumulative effect of this increase is

not so drastic, but the Exposure-to-Burnup ratio ntill exceeds 9600 by

nearly 5% at 46.8 GWd/t.

Unfortunately, complete compliance with ASTM tlethod E321-79 may produce

different and less-accurate results than those obtained with an enrlier a:~d

less intricate vcr~ion. We have constructed a reduced ENl)~/13-VflKSICJIl
148

product library for CINI)F,R-2,following and recording all }/dmodes of

form~tion and 10SE. We hav~ used the librnry in tnndrm EPRI-CELL/CINDER-2

calculalion~ of Calvert Cliffs I furl to 46.8 GWd/tU. Ttlr res~llt~of tllr

exercise are given in Table 11. Note that ENposurc olldIlllrllupore listed 01

-4-



the left, as well as their ratio. The cumulative fission density and per

cent contributions from each fissionable nuclide are then given -- these

would be determined experimentally with ASTM Method E244. The 148Nd formed

directly by yield is then given; this is always greater than 99.1% of all

148
Nd produced, corresponding to K 2 .991. The direct yield tabulated is

the ratio of
148

Nd formed directly to the cumulative fissions; this is the

desired weighted yield of E321-79. The trace
148

Nd formed from
147

Nd(n,y)
148

is then tabulated, as well as the gross Nd formed by both paths.

The K factor of E321-79 is evaluated in the standard for a range of
147flux and fluence values, using the 274 b. cross-section value for Nd(n,y)

and assuming continuous reactor operation. These values are given in Table

111. The Calvert Cliffs 1 fuel inventory calculations described above

modeled a spent fuel sample discussed in the following sections, and the

power history included intermediate shutdowns and partial power operation

periods. Ignoring shutdowns, the fuel

gral flux of -2.5 x 1014 n/cm2/s for
22

a fluence of - 3.9 x 10 n/rm2 and an
21

exceeds the maximum fluence (3 x 10 )

sample operdted Et an average inte-

- 43 000 hours and was discharged at

exposure of - 46.8 GWd/tU. This far

for which K has been evaluated, and

the E321-79 method provides no guidance or data for the calculation of K.

At the above flux vtilue, an interpolated value is obtained from Table 111 of

K = .910 at the maximum fluence. This corresponds to an exposure in the

Calvert Cliffs 1 fuel of - 3.6 GWd/tU, where the value inlcrpolatrd from the

calculated (direct % gross) values of Table 11 is K 2 .99L. The K factor of

E321-79 indicates that,
148

titan exposure of 3.6 GWd/tU, 9’&of t!]e Nd formed

has been produced from the 147Nd(n,y)
148

Nd path. CINDER-,2 calculations show

that,
148

at this low exposure, only 0.6% of Lhe Nd formed is irom this paLh.

These different contributions reflect the different rross-section values

nnci/or flux interpretation used in their calculation.

No mclltion has been 1,:.ndeof the
148

Nd 10sS by
1<8

Nd(n,y), listed in

Tublc II. Nolr thaL the cumulative
148

Nd los~ by the
168Nd(n,y) reaction

148 147
excesds Lhe cumull?t!ve Nd gain from Nd(n,yj aL exposl~rcs exceeding “

24 GWd/tu. The ret 148Nd [groau - 148Nd(n,y) loss] aild Lhe net yield are

f.l~er~ght.most ●ntrics of Table 11. Note LhaL Lhr cslculritcd neL yield varien

-5-



only slightly during exposure, indicating that, for this fuel, increases in
148

Nd, due to the increase with exposure in the weighted cumulative fission

yield fraction [i.e., mass-148 yield from fission] and 147Nd(n,y]
148

Nd pr~-

duction (both recognized in E321-79), are offset by the
148

Nd(n,y)
149

Nd 10SS

that is not recognized in E321-79. Of course, these observations depend

upon the accuracy of ENDF/B-V cumulative fission yield fractions and evalu-

ated cross sections of both ‘47’148Nd.

III. SURVE-i OF AVAILABLE LWR SPENT FUEL NUCLIDE INVENTORY MEASUREMENT RESULTS

A nuclide inventory measurement of benchmark quality might well include

the following:

1. A full description of the fuel physical parameters (e.g., enrichment,

pellet density, pellet diameter, clad thickness and material, pitch, etc.)

and environment (e.g., core location, proximity to control rods, burnable

poisons, etc.).

2. A value of sample burnup and/or exposure, as well as all measured

nuclide raiios and the basic data and methodology used in the determination.

3. A detailed power history of the sample plus dates of shutdown and

measurements .

4. Inventory values for a wide range of nuclides.

5. Evaluated uncert~inty values for all measurerl quantities.

6. Complete and referenceable documentation.

Unfortunately, inventory measurements are of inconsistent quality, complete-

ness, and documentation. Measurements are characteristically funded by tile

utilities and the results are often proprietary. There exists no organized

effort for the collection, examination, evacuation, normalization, documen-

tation, and/or distriblltion of spe,ll-fuel nuclidc inventory benchmark dal-a.

We encourage the Electric Power Research Institute, due to iLs direct a,scJ-

ciation with the utiljties, to assume such a function.

A preliminary list ~f po:enlial LWR sper,tfuel nuclide inventory bcrlch-

marks 1s given in Table IV. Much of the information in this list is taken

from Ref. 25; ~ome of the measured data (orrcsponrtin~ to [Ilclisted snmples

nre presently proprietary.

-6-



Iv. EPRI-CELL/CINDER-2 NUCLIDE INVENTORY CALCULATIONS AND COMPARISONS WITH

MEASLJREI!INVENTORIES

A. Methodology

Nticlide inventories are determined with tandem EPRI-CELL and CINDER-2

calculations. EPRI-CELL12 computes the space-, energy-, and burnup-depen-

dent neutron spectrum wi~hin a cylindrical cell of an LWR fuel rod. It uses

the B1 method 01 GAYl
26 27

and the integral transport method of THERMOS to

produce coarse-group neutron fluxes and cross sections for subsequent deple-

tion analysis. Thz temporal behavior of actinide and fission-product nu-

clides important to fission and/or absorption :re determined with a series

of lir”arized chains consistent with the CINDER methodology.

The EPRI-CELL model representation consists of a cylindrical fuel

region surrounded by a clad region, a moderator region, and an outer “extra”

region, The extra region is used to represent the environment of the fuel

rod. Four radial space points are generally assigned to the fuel, one to

the clad, seven to the moderator, and two to the extra region.

Data required by EPRI-CELL include infinitely-dilute multigroup cross

sections, composition- and energy-dependent resonance self-shielding fac-

tors , and energy transfer matrices including upscattering in the thermal

range. For convenience, these data are divided into thrie files. FASTLIB is

a 62-group cross-section library covering the range 1.885 eV to 10 MeV fur

,, the modified GM portion of ~he code. THRNLIB is a 35-group library cover-

ing the range 0.001012 CV to 1.855 eV for the modified THERMOS porticn of

the code. BLJRNLIB is a 4-group cross-section library spanning the energy

range of the other libraries for use in the modified CINDER potion of the

code .

EPRI-CELL generates a file of burnup-dependent collapsed 4-group flux

vail’es and, for each selected actinide nuclide, 4-group cross sections and

densities at each space point. These and other data are read by :1small

utility program PHAZE, which prepiires m CINDER-2 user input file for cal-

culating the con,prehensive nuclide inventory at any fuel space point or foti

the fuel average. Accuracy of the interfaced information drpcnds upon the

accuracy of the EPR; -CELL problem specification: power history, fuel descrip-

tion (pellet radius, density, pitch, isotopic composition, and Temperature),

-7-



clad description (material, iuside radius, outside radius, and temperature),

moderator description (% void if BWR, parts-per-million boron, and tempera-

ture) and core struct.l~redescription (extra region composition). Cooling

intervals following shutdown ❑ust be input to PHAZE in order for the CINDER-

2 input to include

radiation.

The procedure

with power-history

between a measured

the decay to sample inventory measurements following ir-

of the tandem calculations must generally be repeated

❑agnitude adjustments in order to have close agreement

and calculated parameter, i.e., burnup (atom % fission),

●xposure (Hkld/t),or some selected atom ratio (e.g.B 148~d 238U 137Cs 238U: 9 P

●tc.). In view of our observations above on quoted sample ●xposule and

burnup values, we have generally attempted to normalize calculations to

measurements by comparing atom raiios.

B. Three lliie Island-2 Air Sample

The Three Mile Island-2 (TPII-2)uni experienced an accident early on

March 28, 1979, resulting in the release from the fuel of a portion of the

fission-product inventory. The accident accured after a short operating

history described in monthly Gperating reports to NRC from the utility. The

histogram representation of the TM1-2 power history aridinitial fuel condi-

tions osed in calculations are given in Table V, along with the power his-

tories and initial fuel conditions ~sed in calculations of all other fuels

examined here.

Air samples taken from the TM1-I containment building environment at

7:00 a.m. on March 31, 1979, were analyzed for I and Xe activities at 8:00

p.m on that date at Bettis Atomic Power Laboratory (BAPL), ~s described in

Ref. 28. Reported values included a simple decay correction to 7:00 a.m.,

which has been removed for our use. These reconstructed 8:00 p.m. measured

values are given in Table VI. he have tisedthe TfI1l-2power history and

Initinl fuel content of Table V in tandem EPRI-CELL/CINllER-2 calculations,

assuming a constant power distribution across the core. Calculated regional

and core-average I and Xe activities are listed in Table VI. Isotopic

ratioa were formed for all isotopea of the same ●lement from measured and

calculated activities for comparison in Table VI.

Comparison of Table VI meaBured and calculated activity ratios substan-

tiate the large change iIlthe
133

I-to133’”Xe decay branching fr Lion from

-F-



14% (ENDF/B-IV) to 2.88% (ENDF/B-V). However, these measured nuclide ac-

tivities must be viewed cL~tically, since they may not represent the acti-

vities of the same nuclides produced in the fuel. Some of the initial xenon

resulting from direct fission yields and iodine decay was vented to the

atmosphere. Most of the remaining xenon in the containment air sample

resulted only from iodine decay in the water-soluable icdides. Once ~he air

sample was e::tracted, there was no subsequent formation of xenon, but there
133C6133~e + 133Xe + . Therefore,was decay, for example, )f the time of

extraction, the subsequent time of measurements, and the fractional venting

of the initial Xe content are critical to calculations of relative amounts

of, for example, 133”’Xeand 133Xe. Our calculations reflect only the extrac-

tion and ❑easurement time. We are surprised at the good agreement with

calculations in view of the complex transport process.

c. H. B. Robinson-2 Samples

Assembly B05 of H. B. Robinson-2 (HBR-2) cycles 1 and 2 was discharged

on-or-about May 5, 1975. The fuel description and power history of this

?ssembly is described in Ref. 29. Three samples of fuel were removed from

rod P8 of this assembly and destructively analyzed at Batelle Columbus Lab-

oratory (BCL) on !~epternber24, 1975, as described i’nRef. 21. Of th~ three

samples analyzed, one has been described as atypical, because of its close

proximity to a spacer grid during operation. The two remaining samples of

rod P8, designated here as P8A and P8B, were taken from 12” and 68” above

the bottom of the fuel, respectively.

Results of HB1l-2 P8A and P8B measurements are given as atom density

ratios and as burnup and exposure values determined with ASTM me!.hod E321-

69. We have made iterative tandem EPRI-CELL/CINDER-2 calculaLi(ns to con-

verge on close agreement between measured and calculate~ atom ratios of

148Nd:238U. Each calculation used the same histogram power history shape,

constructed from the assembly-averaged power history data of Ref. 29, ad-

justed in magnitude to produf~ Lhe desired calculated atom ratio for the

sample. The beginning-of-life nuclide densities and final histogram history

used for these samples are given in Table V.

The measured atom ratios, reported without uncertainties, are compared

to the calculated ratios for these two samples in Table VII. Here the cal-

culated sample burnup values are lower than those reported for the samples

-9-



because of the higher
148

Nd net yield value resulting from the calculation.

The calculated exposure values are higher than the reported values because

of the higher Q values determined in t~.eCELL calculations.

Comparison of the measured and calculated U and Pu atom fractions of

Table VII shows good agreement for major nuclides. Tbe minor constitLnts
234

U and 238Pu are not in good agreement; calculated values are less than
234

❑easured values by as much as n%. The amoufit of U present in a spent

fuel sample is due almozt entirely to the undepleted portion of
234U ini-

tially present in the clean fuel. Small contributions are made from
235

U(n,2n) and from the decay of
247

Cm and 238PU. Initial fuel concentra-
235U and 234U inl-tions are generally specified simply by wei~ht per cent P

tial concentrations must .e estimated.
238

Pu is not iLitially present and is produced by three main paths. For

HBR-2 sample P8B, for example, the ranking of these paths evaluated for the

measurement cooling time are as follows:

1. 58% 235U(n,y) 236U(n,y) 237U-P--237Np(n,y)238Np-13--238pu

2. 21%
238

U(n,2n) 237U-~--237Np(n,y)238Np-f3--238Pu

3. 21%
242

Cm-cl-238Pu

4. 0. 03% 238U(n,y) 23gU-P--23gNp-13--239pu(n,2n)238pu.

The formation of
234

U and 238Pu are both affected by (n,2n) reactions. The

238
U(n,2n) and 239Pu(n,2n) cross sections are evaluated in the EPRI-CELL

235
calculations for the temporal reactor flux, while the U(n,2n) reaction is

absent from the EPRI-CELL calculation and is evaluated from the TOAFEW-VIO

collapse of 154-group cross sections processed with a typical LWR flux.

P.nadditional sample of HBR-2 assembly B05 fuel has recently been

analyzed at Los Alamos. The sample, taken 112” above the bottom of the 144”

rod E14 WRS not examined by standard techniques for determination of burnup.

Inventories of 8 fistii>nproducts and 14 actinides were measured in the de-

termination of the rates that actinides and fission products are leached

from spent fuel undez controlled oxidation-reduction conditions. Iterative

-1o-



tandem EPRI-CELL/CINDER-2 calculations were made, using szaled variations of

the assembly B05 histogram power history, to converge upon the ❑easured

137cs/238U atom ratio. Calculated atom volue densities (atoms/cc oxi~c)

were converted to ❑ ass densities (atoms/gm oxide) by dividing by a density

of 9.95 gms oxide/cm3. Measured and calculated values are compared in Table

VIII. The -2.88% difference from the measured
137

Cs and -2.80% difference

from the measured
238

U indicates a density normalization problem of that

❑agnitude.

Of the eight fission products examined, the differences between the
154

measured and calculated concentrations of ELIand
155

Eu are exceptionally

large. At high exposures, the inventories of these nuclides have been pro-

duced almost entirely from multiple neutron captures on lighter fission

products.

Of the fourteen actinides examined, r-hedifferences between the meas-

ured and calculated concentrations significantly exceeds the ❑easurement

uncertainty for four of the nuclides. Two of these are
234

U lncl238Pu
240 i42pu

which have low calculated values and were discussed above. Pu and

also have calculated values significantly lower than measured values.

D. Quad Cities-1 Sample

Special test assemblies of U02 and ❑ixed U-PU oxide (HO ) fuel were

fabricated for loading in the Quad Cities-i (QC-l)BRW core.
36,31 Fuel

removed after one-cycle exposure in cycle 2 was cooled and analyzed at the

G.E. Vallecitos facility.
32

Of the samples analyzed, we have selected a

sample 21.5” above the bottom of the reactor fuel for EPRI-CELL/CINDER-2

modeling. Iterative tandem calculations were periomed to converge upon the

measure 148Nd/238U atom ratio. Calculations used a histogram power history,

listed in Table V, constructed from a graphical total core power history and

semi-monthly transverse irradiation probe (TIP) data indicating the relative

power at a point close to the fuel sample. Because of the low elevation of

the fuel sample, a 9% moderator void was used in the calculation. Measured

and calculated quantities for this relatively low exposure fuel sample are

compared in Table IX. Measured values were decay corrected to shutdown

prior to reporting, a practice to be discouraged because of inconsistencies

in nucle~r data and treatment. No record is generally made of th? values of

data and total correction.

-11-



Differences between measured and calculated U and Pu atom fractions

appear to be quite good, although many exceed the small uncertainties given.

Of these, the largest diffezance corresponds to the low calculated value of
234U 238

. Pu is not reported. Differences between measured and calculated

Am atom frac~ions do not exceed the associated ‘.argeuncertainties, and the

agreement with Cm atom fractions is very good.

Comparisons between measured and calculated atom ratios to
238

U must

e..chbe examined relative to the measurement uncertainty; of these, the most
242CMalarming is the low calculated value of

The description of the complex spectrum effects of void, burnable

poisons and control-rod spaces in BWR calculationsmay not be adequately

treated with the EPRI-CELL ❑ethodology, and !ZPRIhas cautioned against the

r?liance m EPRI-CELL generated cross sectiocs and fluxes without compariso:l

witn the results of a more complete treatment using a 2-dimensional code

such as EPRI-CPM.

E. Calvert Cliffs 1 Sample

Special high-exposure test assemblies have been installed in the core

of the Calvert Cliffs 1 (CC-1) PWR in a program involvirigthe utility, EPRI,

Combustion Engineering (CE), and the Safeguards Prog-am at Los Alamos. Some

of the fuel was remuved after four cycles of exposure and, after cooling,

analyzed at BCL. The preliminary results of meas~lrement,currently avail-

able without uncertainties, are considered proprietary by EPRI, and the

measured and calculated atom fractions and atom ratios are not given in

Table X. However, EPRI has permitted our calculation and comparison of

these quantities. Complete inventories for samples of adjacent rods from

measurements fmded by Los Alamos will soon be ava:.l,ablrfor comparison

without restriction.

This fuel was irradiated to high exposure in a cur= composed of as-

semblies of lower ex~o~ure. This consideration and the lar[tel~~ter-filled

control rod locations in the CE core have led EPRI to caution against the

reliance of the EPRI-CELL methodology in calculating accurate exposure-rle-

pendent cross sections and fluxes. We have, however, relied upon this

methodology in our calculations.

The histogram power history generated fhr CC-1 fuel calculations,

lis:ed in Table V, waG generated from a simple full.-corehislogr~m power

-lz-



history presented graphically in Ref. 33. This full-core power history was

scaled and used in iterative EPR1-CELL/CINDER-2 calculations converging upon

the measured 148Nd/238U atom ratio.

Differences in measured and calculated U-atom fractions are not alarm-
235

ing. The 23% difference in the trace U remaining correspoad~ to better
235

than 2’%agreement in the amount of U depleted. The calculdteclvalue of
234U, as before, is considerably low~r than the measured value,

Differences in the remaining measured and calculated quantities are, in

general, alarmingly large. In the absence of measurement uncertainties,

however, it is not possible to make meaningful observations on the dif-

ferences.

The high exposure fuel of CC-1 is unique. The nuclear power

industry is pursuing the use of higher fuel enrichments for higher discharge

exposures. The NRC is currently investigating the effects of these para-

❑eters OIL%y-poteticalaccident analysis. The validity of inventory cal-

culations for high exposure fuel has not been demonstrated beyond this work.

T5e utilities and EPRI are encouraged to make the results of such measurem-

ents &vailable for public benchmarking of inventory calculations.

v, CONCLUSIONS.

We have outlined the development of the popular
148

Nd burnup measure-

ment procedure, and we have indicated areas of uncertainty in it and iack of

clarity in its interpretation. We have examined six inventory samples of

varying quality and completeness. The power histories used in the calcula-

tions have been listed for other users.

Five of thr sample measurements and calculations included actinide in-

vent~ries in spent fuel. The per cent difference of calculated values from

measured values was determined for ●ach sample and listed in Table XI, where

fuel samples are ordered in increasing exposure. Examination of Table XI

values sh~ws that, as previously indicated, calculated inventories of
234”

and Z.id
~ 1 are routinely low. Trends are Also seen in

240
Pu and

241
Pu dif-

ferences, but of smaller magnitude.

We have compared calculated ratios of I and Xe isotopes with measure-

ments of an early air sample taken from the containment building following

the TMI-2 accident; these show excellent agreement.

-13-



This survey serves to illustrate the accuracy of inventory calculations

for a limited number of nuclides using ENDF/B-V data. The limited range and

incomplete nature of reported inventory measurements prohibits a systematic

evaluation requi~ed for data adjustment recommendations and for definitive

actinide and fission-productinventory uncertriinties.

The Electric Power Research Institute is urged to take the lead in

encouraging the cooperation between utilities, vendors, measurement labora-

tories, and the U, S. Nuclear Regulatory Commission in the collection and

documentation of presently available and future qualified spent fuel inven-

tory benchmarks.
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Table I

148
Nd Cumulative Yield Fractions

FISSIONING PRELIMINAnV ASTM
NUCLIDE E~F/O-lV ENOF/e-V ENOF/13-V1 C321-”79

■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ..mm.um..m ■ m.mmmm...m ■ mm.mmm.m.. ■ m . . . . . . . . .

U-23S(TH) 0.01690673 0.01670030 0.016746S8 0.01671

U-23S(FST) 0.02259347 0.02076t396 0.02097547 0.02072

PU-239(TH) o.ole9448a 0.01634225 0.01640564 0.0!636

PU-241(TH) 0.01925721 0.01909327 0.0!s33803 0.02030

104
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Table II

Calculated Prod~ction of 148
Nd in 2.45% l!02Calvert Cliffs 1 PWR Fuel

CfiLC. ULc.
Aa7

. . . . .
~ P37
c.-
0. 124
0.-

0.-
0.663
0.64!
?.018

1.!64
t,3?!
1.545
1.7W

2.032
2.231
2.3a
Y.561

2.721
2.699
2.U2
3.IS7

3.341
3.034
3.6!6
3.-

3.-
4.=
4.-
4.to3

4.2m
4.4t3
4.-
4.662

““””””~ATi~ ~lsSi~*=~=** mf4S F- USS14E vLD m14a F9a -s mi4a mi4t LOST BY
FEKEU7 m@lw71m DIRECT m147(#.~~

#/cc
Gaoss

U235 mm mm *4 I ●lcc 7J=055 YLD. % ./cc -ss #/cc YLD. X
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

8.510+!0 91 12 S.13 0.74 O.m
!.9754!9 m ●9 7.25 2.07 O.m
2.6=19 J9.91 ?.- 3.W O.w
7.a!4*!9 M.03 G.67 ~.m 0.05

1.1*3*20 ●2.s3 S.69 10 52 0.!s
1.514.20 79.17 ● .94 13.54 0.34
f,933. m 76.2Y 7.01 !0.1s O.sg
2.339-20 73.61 7.07 Im. sl O,m

2,150.bm 4&63 7.10 22.55 1.64
3.5*2O 66.47 7 25 24.23 2.05
4.~m s3. m 7.33 x. iI 2.57

4,64+20 W.93
5.126-20 W.C?
S.37B+20 57.71
9.953*W 35. n

8.254*m 94. !5
s.454+m 53.37
8.653*2O 5! .67
:.~+m S3.49

7,-20 ~.91
8. W7+:0 47. m
s.3*m u-w
● .wm 4s.70

● .ma. m 44.97
9. !-*2Q 44 01
9.412*W 43 37
9.4*m 43.33

S.6U+~ 42.54
1.0!4.21 ai. n
KH*21 a.a
1,071+21 -.74

7.43 m.3q 3.29
Km m.m 3 03
7.54 m.% 4.13
7.63 32. ID 4.62

7.47 32. = 5.20
7.49 m.rn 3.44
?.75 :4.46 5.92
7.01 35..W 6.40

?.47 m.m ● .w
7.92 n w 7.X
7.W 37.56 7.6.4
● .m m.25 a.m

O.= -.94 ● .42
S.07 n 25 0.46
S.10 ~.62 S.’W
m.lo n.65 ● .92

-.14 all 9.21
-.~ 40. S3 9.69
0.35 4! .51 W.15
0.27 41. ~ 10.39

1.449+17 c9.~ 1.7029 2 704+t4 O. !92
3.355+!7 93.723 K6s64 9.329*!4 0.277
4.419*I7 99.647 !.6970 1.5!2+15 0.313
t.166+l P 99.439 t.6957 6.712+1S 0.562

!. 607.10 S. 329 !.6949 1.274416 0.S7t
2.543+f0 99.27? 1.6946 t.460+16 0.723
3 276*1O 99. ?45 s.696S 2.4 S)+16 0.1S3
3.936+!0 S.223 1.6S2 3.105*f0 0.777

7.mls S. I!96 1.7m 6.420+16 O.-
● .72S$18 ~.lC4 \.7022 7.\15+!6 o.616
9.159+t0 ~ 176 t.7031 7.605+16 0.024
1.0!> +19 5% !57 l.~al S. 627+16 0.943

f.~7*i9 99.164 1.7a2 :.W4!6 o.c~
1. 102*I9 99. :65 1.7~9 9.2~16 0.635
1.171+1S m. 153 !.7w3 9.999+16 0.647
1.240C1S 99.141 f,lm 1.074+17 0.859

1.31461S 9Wim 1.7114 t.ig+l? 0,070
1.371*!9 =.133 1.712S 1.199417 0.967
1 424*I9 99.925 1.7136 t.2%+17 0.675
!.403.19 S.!3 1.7140 f.ml*!7 0.66S

1.542*I9 99 124 1.7190
1.579+19 9W 129 !.7t67
1.6!6+19 ~.l J2 1.7f7s
\. 619+19 W. 132 !.7174

i.46d*19 m. 133 1.7!s3
K744+19 W. 423 1.7!99
1.622+!9 ~.flf 1.72!4
1.645+1S W. 109 1.721#

1.363*i7 0.676
!.3’92+17 0.674
1.416*97 0.6M
1.416*I7 0.D64

~.457+f7 tJ.967
1.543+17 0.077
1.634+17 0.669
1.654+17 o. 691

1.452+17 1.71ml
3.365+i7 1.7035
4.635-17 1.7031
1. 194+1* 1.71E$2

1.Wi6 1.7m3
2.602+10 1.7070
3.~16 1.7076
3.-7+16 1.7ti5

4.690+10 t.7m4
5.~6*10 1.71~
6.075*16 1.7112
6.w3+!9 i 7129

c.034*lo 1.7144
8.797+1n 1.7!62
9.235+ld 1.7172
1.024+19 1.7!%

1.076+19 f.72a
1.111+19 1.7212
1.161+19 t.1229
1.251+19 1.72A6

1.326+19 t.7264
1.383+19 1.7274
!. 437419 1.7267
1.466+1s 1.729s

1.555+19 1.731i
1.593+i6 1.731~
1.631+19 1.7325
K634*19 !. 7324

I. W1+IY 1.7333
1.760+$9 !.7Y5i
1.~36+19 1.7W
1.9.GI+19 1.7373

1.369*I3
9.1ss+s3
1.724+!4
1.076+15

2.766+i5
5.255+*5
● .564+1s
1.271*16

1.77 t*i6
2.35i*16
3.03! +16
3.666*W

s.313*ia
6.52a*16
7.24S+f6
9.-5*16

1.am+f7
t.m*17
t.235+17
1.402+i7

4.s92+!7
1.73s+?7
1.666*i7
a.a33.1*

2.240+17
2.37 !+!7
2.4%+17
2.497*I7

2.659+*7
2.945+17
3.247*I7
3.336+17

O.am
0.024
0.034
O.w

O. !46
0.202
0. 2S9
0.316

0.378
0.437
0.499
0.s7s

0.664
0.742
0. 7s5
0.666

0.936
0.972
1.046
f.fal

I.mt
t .255
1.314
1.376

t.4A5
1.464
1.53i
t 52#

1.W2
1.674
$.766
1.793

91CC VLO. ~
. . . . . . . . . . . . . . .

t.452*17 I.1OW
3.364*17 1.7031
4.633+17 1.7025
t. 193+11 1.1031

I .697+1# !. 7036
2.5%+10 f.7035
3.292+iC i.7032
3,964*1- l.~~

4.673+!0 1.7030
5. =3+16 i .7025
6.045*IB !. 7027
O 063+!0 1.7030

7.951*le I.?m
S. 132+16 !.7034
9. 162+1E ~.7037
1.015+19 1.7W4

1.a16419 f.7044
t.1~19 1.7045
i.!64*19 t.7w9
f.237*19 !.7053

I.31O+I9 1.7m7
1. W6+19 i.7055
t.416+19 1.7CECi
!. 476*19 i. 7059

!.533+!9 1.7041
1.569+!9 1.7ml
1.603+19 1.7060
1.4m. ?9 1.7060

f.6!i4+19 1.7m9
1.7:lo+i9 1.7mo
1.646+19 1.706S
i.02t+19 t.70bt



Tsble III

K Factors from ASTM Method E 221-79

TOTAL
NFUTR17N----- . .

FLUX NEUTRON FLUENCE (N/CM**2)
(N/crA**2/5) IE+20 3E+20 IE+2f zE+21 3E+ZI

— — .
3t.+la 0.9985 0.9985 0.9Q135

—.
0.9985 0.9985

IE+13 0.9956 0.9952 0.9950 0.9950 0.9950
3E+~3 0,9906 0.9B70 0,9e56 0,9B53 0.9052
1E+14 0,905B 0,9716 0.959B G.9569 0.9559
3E+14 0.9B35 0.9592 0.9107 0.9000 0,B941
~E+15 0.9826 0.9526 0.8S16 0,0204 0.8006

Table IV

Preliminary List of Potential LWR
Spent Fuel Nuclide Inventory Benchmarks

REACTOR TYPE
. . . . . . . . . . . . . . . ----

CiODEWAAQD HUR

GARIGLIANO Bwu

dPOR- 1 EIUR
OUAO CITIES f 13WR

VAK E!WR
CALVERT CLI~fS 1 FJWR
I-I.B ROBINSON 2 PWR
S4N ONOFREE ! PWQ
SARTOK4 FWR
TRINO PWR

VANKFE ROWE puti

COUNTRY
. ..-. . . . . . -

NETHERLANDS
ITALY

JAPAN
USA

w, GERVANV
LISA
USA
USA
USA
ITALY

Usb

CLAO
. . . .

Zn
ZR

Ss

ZR

ENRICHWENT
. . . . . . . . . .

2.5% U02
1.6% U02
2.1% U02
2.63X U02
2.56% U02

Mo 2
233: Uc?
2.45X 1102
2.56;! JO]
3.B2X M07
072X M02
2,7f~ U02

3. 13% !102

3.00% U02
2.90% U02

EAPOSURE
{GWO/T )

#SAMPLES MIN MAX
---- . . . . . . . . . . . .

6 0.0 2.1
= 9.6 !4.2

13 8.7 12,4
30 2.2 7.0

11.4

!0 7.7 !4.9
>71 16,1 52 2

4 24,6 30,9
6 64211

69 0.!509
13 7.e t15,1

n 7,5 tEl,4

i !2.3 12,3
33

2()



Table V

Power Histories L!sed for Spent Fuel Calculations

H. s. uwl N’5mi-2 H. a. ml W5m4-2 n. B. eDKlSR64-2 WAD CITIES- I
C71 .2; AS.SY .605

CALUEOT CLIFFS- I
CVI .2: Ass. 6W CV2:ASSI .oEEI- 161 CWI-4:ASSY .9103

~iT1 ~ P@. 66-S~F
IM11164. u334/cc 4.44520+10

Tmr-2
hIB S.-E

cl:. comE 11P

<4. 3W33+ IS>

CY! .2; ass’f.0a5
m Pc. 12-BBF

4 44528+10
- :14. lh2. b6F m 6.:c656.22. a6F m ail S024.90-A6F

4.44528+18 4.4a231+~a 4.20591+10
IMIT!M U1%JCC
IMITIU u3XICC
Inllruu3361cc
-D MIST-I:

Tlmz $lEP
I

5.66793+20
3.52 W5.10
2. 12845.22

5.6679W20
3.521=X*IE
2 $2B45*22

5.6S7020 6. W354+20
3.52605+10 3.67406+1a
2. 12045+22 2.2 1705+22

5.l~2a+20
3.70666*IC
2.24010+22

TlmI AVG.

;$& -E&&

=31.50 Km
315.50 51. Is
1 Io. m lm. bl
170 .m O.m
W5. U2 162.33
Iw. G O.m
56. m 2,1.42

TIUE :VG.
ms u,’cc_
en.=? 23> .37

354. !1 23, 60
663.95 23~,66

237.40
237.79

TIM hvG . TIWE AvO TIM

rns. w/cc ms. Wcc I’R5
70.35 278.33 40.00 296.61 40. m

2BI .39 283.41 152. W 302.40 m.m
527.60 203.44 2W. m 226.25 47s, m

AVG.

*

:27.97
101.46

0.0
127.04
lt4 .18
254.36
253.59
253.25
252.95

2Bi .29
527.643
527.60
703.46
103 46
741.79
744 .m
744. m
6%. -
744. W
853. ‘w
725.20
455.99
a93.5:
7*4. W
7m. m
744. a3
720. m
744. G2
744. RI
634.:2
542 ●9

1a55. m

3m.53
301149
3cK143
=.44
m.34
-.22
354.67
320.31
356. E3
3a. 15
365.70

.L. m
270. 17
275. m
3A I.31
.,. - ~. .
352.39
33K36
241.60
197. s4
203.22
203.19

0.-
lS6. m
314.53
272. c4
2a3.57
270.50
205. a3
2KI.’2I
270.6a
27h.73
286.39
204.29

4 663.6s

S92.53
692.53
744. W
744. a3
6%. W
744. W
S53.30
125.23
455. W
●93 St
74d. m
133.03
?44,W
7K.IZ3

527. =
703.46

2a3.4
203.4
283.3
203.2
334.6
-.7
338.2
339 0
345. .

3s4 .m
2Lle. m
460.00
?Im. m
336. m
406. W
240. W
36mm

%.m
528. CO

!104. W
.a4. w.
mom
w. m
W4. m

96. ~
624 m
3m4. w
33e. m
557 m

%.(XI
52e. cxl

72. w
240 m
4#o. m
4w. m
504.03
W4. ixl
460. al
5(U. m

3c6.m
233.62
272.53
128.13
255.94
210.49
263.29

92. W
K17, W

231.69
260.09
259.96
203 91
205.25
2S9.73

O.m
2!9.33
21a.20
::2.15
27! .23
Z79. 46
24a 14
132. ,9
15545
!W.6!
160.77

O.m
!47. lm

703.46
741.70
74am
744. al
6%. cm
744. W
853. m
725.2o
455. s9
R93.51
744.&2
720. W
T44. m
72c.. m
744. *
744. W
634,22
542.39

!455. m
%7.60
744. W
744. LM
720. m
744. W
7m. m
744. m
744. m
672. w
744. W
S33.60

42569. ~

692. ~
Iw. m
l-m
t5m. m
1=5W.00
Iwo.m
i497. w
739. m

I-m
t5w. m

7
8
●

10
91
12
13
14
15
16
17
10
[9

26. w O.w
51. W 221.77

6=.50 O.m
m.m 22S.40
!t9. m o-w
:n. w 2s9. m
320. a 148.77
4V4.6T O.m

=.33 ?.-
6t2. m 26m43
!3S75 m.li

16 w O.w
15 75 9m5. a

4M. m 294.33
L2. W mlw

206.9i
E3.m

243.61
o-a

t22.23
1! 1,31
190.2s

252.76
252.60

O.co
253.41
251. Z7

0.0
262.2
253.4
322. G
323.2
332,9
2%.9
220.0
10s.6
191.6

f?sa.w
270. m
3S2. m
,92. m
404 m

elm w
t730. m
923. m

2076. @
346. W

t6m. oo
● ls. m
122. m

33! 93
fb2.91
IC7. CO

C.m
127.03
251.14
25! .55
2~.51
265. 10
261.17

O.m
242.50

O.co
25.7.04
263. 1~
264.73
259.75

O.m
tM .2\

1! 1.22
O.m

127.22
215, m
206.61
245. W

o.m
195.09

0,9
fn3. a
253.69

30
2!
22
21
24
15

19i, a
3.0

f?9. ti
2%.6
256.6
267.5
255.2
194.1
236.0
25S.2

744. Q2
7 &4.%
72c. m
144. U2
lm. m
744 m
74.. m
672. m
744. cc
S33.60

249.22
295. <9
224.4S
2t4. i7
162.81
197.93
214.16

%7.60
744. m
744 .m
-lm.m
744. W
721. W
744. W
744. m
672. W

26
27
28
29
w

2-,2.11
272. -
254. -

753 .m
fdm. m
1460. W21

32
33
34
35

2m.56
226. s1
224. XI

12t62. m C03LIffi

251. !0
254. 10

15Ela .U2
5W. W
?04. m

252.9
270.3
26a t

cmL I u

7i4. m
833.60 1120. w 262.81

;f20. m 262. M34
37

f2162. W CODLIW
2064. m O.ca
1292. W 255.4t
f292. C2 251.60
f369. W t5J.47
1369. W 152.93
2i9. m 76.77

f139. m 229.32
1642. m 265.07
i642.~ 265.67
54@. m 229.17

t1232, m wOLIND
312, m CWLIW
264. m ~LIW

36
3s

4a
4!
42
43
44
4s
4,
47
48
4*

.



Table VI

Comparison of Pleasured and Calculated TMI-2
Containment Building Air Sample Activity Ratios

CALCULATED VALUE
MEASURED 2,017 FUEL ~

OUANTITY VALUE
~ COnC-A-VERA’ E

VALUE Z131FF. JAL!4L ‘ZQ!LL — l!~E
— ._._

VALUt
BURNLIP.

VALUE $LOIIF.

ATOMXFISS1ON @.337

EXPOSURE.
MWDf T 3265

SAMPLE ACTIVITIES:
CURIES/LITEQ

1131

1133

XE133

xE133h4

XE!3!3

FUEL INVENTORY:
CURIES/CC

1!3!

1133

XE133

YE133hl

XE!35

ACTIVIIY RhT]OS:

xEf33r.l,xE!33

XE135:XE!33

YE135:?E!23M

1t33’I13f

,.

:1.% 5

6.29-1

1.25-2

3.00-3

5.201+0

R,slo-!

1.!55+$

2.2B4-1

4.925-2

0.07!4 0.01977

0.3048 0.00426

(1 12:?0 0.?!5G4

“0.3235 0.16!16

o,33e

3263

5,223+o

8,577-t

1, !59+1

2.279-1

5,030-7

-8 0,0!966 -8

-11 0,00434 -9

-7 0.22072 -i

-50 J. 16345 -49

0.339

3261

5.20540

8,54[1-1

hibl+l

2.278 1

3.079-2

C.01962

(3,(X-)437

0.22300

0. 1642:?

0,331?

3263

AIR SJ?IMPLES TAKFN AT 70t3 MM MARCH 31, 1979: MEASU17EMcNTS MADE AT RAPL
AT 8 00 PM OF THE SAME OAY. REPORTFCI ACTIVITIES WERE OECAV-CCIQRIClrIT
10 THE TIME SaMPLES WERE lAkEN, VALUES OUOTIO AS MEASUREO AIOVE
hAVE RFEN DEC4V CCII?REC1[D 941;K To THE TIME OF MEASUREMENT,

CALCULATED VALUES GIVCN FOR TliE CORCFESPONOING E8-HE’)URS COOLING,
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Table VII

Comparison of Measured and Calculated H. B. Robiuscm-2
2.56% PWR Spent Fuel Inventory, Cycles 1-2 Assembly B05

Rod P8 Samples 12” and 68” Above Bottom of Fuel

SAMPLE PBA, 12”AEIF ~N4PLE P8B, 68nA8F
MEASURED CALC . MEASURED CbLC.

e’~
ATOMiFISSION

EXPOSURE.
MWD/T

ATOM FRACTIONS:

U234/U

U235tU

U231S/U

u238/u

PU23t3/PU

PU239/PU

PU240/PU

?U241/PU

Pu242/Pu

AToM RATIOS:

Pf)233/U23El

tK)14Ei/U230

VALUE VALUE ~IFF.

2.559 2.526 -1.30

24570 2493S +1.48

0.m16 0.-14 -13.53

0.00S16 0.00043 +3.2?

0.00326 0.00320 -1.74

0.90842 0.9Bt323 -0.02

0.01143 0.00952 -!6.75

0.59557 0.59666 +0.22

0.23290 0.22679 -2.63

0.11B47 0.12291 +3.79

o.04f68 0.04393 +5. 39

0.00494 o.m4a5 -1.79

0.000450 0.=450 -0.01

\.’ALUE VALUE m

3.221 3.173 -1.48

30920 3!494 +1.06

0.000!4 0.00012 -12.03

0.00612 0.00604 -f.34

0.~352 0.00354 +0,58

0.99022 0.P9030 +0.01

0.01676 0.01407 -!6.07

0.54261 0.54319 +0.11

0.2510! 0.23943 -4,69

0 12?98 0.13697 +5.3B

0.05964 0.06635 <11.24

O.WS!EI 0,03496 -4.33

0.000570 lJ.mo570 +0 03

MEASUREO VALUES REPORTEO IN BATTELLE COLUMBUS LABORATORIES
REPORT BMI-19313.P16, (f975). CALCULATE VALI)ES FROM THE USE OF
A DETAILED POWEQ HISTORY, A 506,75 D4v COOLING PERIOD,
ANO ENOF/B.V DATA IN ITERATIVE TANDEM EPRI-CELL/CINDER-2
CALCULATIONS TO CONVEIJGE UPON THE MEASUREO NO!4P/U23P ATOM RATIO.

—.
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Table VIII

Comparison of Measured and Calculated H. B. Robinson-2
2.56% PWR Spent Fuel Inventory, Cycle 1-2, Assembly B05

Ri>dE14 Sample 112” Above Bottom of Fuel

inEASURED CALCULATED
QUANTITY VALUE VALUE

BURNUP ,
m

ATOM%FISSION 2-990

EXPOSURE.
UUD/ T 29711

ATOM RATIO:

CS137/U23B 0.00174 0.CUI174 -0.00

MJCLIDE DENSITIES, ATOMS/GN OXIDE AT 4.06 VEARS COOLING

ZR 90 2.73+IE 2.37+!8
RU106

-13.17
>f .71+16

S9125
2.S4+16

7.45+15 8.39+1s +12.59
C5134 7.61+16 6.92+16 -9,0f
C5137 3.75+90 3.64+1EI -2.e.t3

CE144
EU!54
EU155

U234
U235

U236
U236

NP237
PU23EI
PU239

PU240
PU24 !
PU242
AM24 1
AM243

CM242
CH244

1.41+16
3.92+16
1 .28+16
3.24+17
1.34+19

7.66+10
2. 15+21
6.19+17
3.25+17
1.06+19

5.23+10
2. ta+in
1.29+18
6.55+17
2.2 +t7~20%

1.0 +13

5.1 +16~20%

1.30+16
6.S9+16
1.63+i6
2.71+17
1.ao+19

7.31+!e
2.09+21
7.64* 17
2.34+17
1.03+!9

4.39+IE
2,ft+fe
1.11+16
6.23+17
2.07+ 17

1 76+13
4.21+16

-1.t39
‘67.99
+43.16
-16.24

+4.30

-4,8?
-Z.ao
-6.69

-26.00
1.41

-16.01
-3.23

-13.57
-4.84
-6.li

-2.23
.\7,54

MEASUREMENTS BY LOS ALAMOS GROUP CNC-lI; EXPERIMENTAL
UNCERTAINTY ~5% UNLESS OTHERWISE INDICATED.

CALCULATED VALUES FROM THE USE OF A CETAILEO POWER
HISTORV, A 4.66 YEAR COOLING PERIOD, ANO ENDF/B-V 04TA
IN ITERATIVE TANDEM EPR1-CELL/CINOER-2 CALCULATIONS
TO CONVERGE UPON THE I~EASURED CS137/U236 ATOM RATIO.
CALCULATE ATOMS-PER-GRAM-OXIDE QUANTITIES FROM
CALCULATED ATOMS-P[R-CC-OXID[ VALUES /9.95GM/CC.
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Table IX

Comparison of Measured and Calculated Quad Cities-1
2.56% BWR Spent Fuel Inlentory, Cycle 2, Assembly GEB-161

Rod BSG0856, Sample 21.5” Above Bottom of Fuel

Qc-1 HBR-2 ‘,iBR;2 HBR-2 c CT
0SG056 PO E!4 Pa AHSQ24

QUANTITY 22’’ABF 12’’ABF 112’’AelF 68’’ABF 9FI”ABF

CALC. EXPOSURE.
—.— —

MWD/T 1 !B37 24935 297!1 31494

% DIFFEKiNCES, (cALc.-MEA5.)/MEA5. *loo

U234/U -7.8 -13.5 -13.9 -12.0

L1235/lJ -0.5 +3.3 +7.4 -i.3

U236/U -0.1 -1.7 -2.1 +0.6

U230/U +0.01 -3.02 -0.03 +0.01

PU238/PU ------ -16.0 -21.3 -16.1

PlJ2:;9/PU . ----- +0.2 +4,2 +0,1

PU240/Pl) ------ -2.6 -B.3 -4.6

PU241/PU . ----- +3.0 +5.13 +5.4

PU242/PU . . . . . . +5.4 -6.0 +11,?

w239/u23n -3.9 -0.01 -1,9 +0!03

NOTE TY,\T OC-I FUEL MEASUREMENTS OID NCT INCLUDE PU238.

46836

-9,7

+23.0

-2.1

-0.04

-0.7

+7.1

-16.5

+19.6

-3.2

+22,7

25



Table X

Preliminary Comparison of Calvert Cliffs-1
2.45% PWR Spent Fuel Inventory, Cycles 1-4

Assembly BT-3 Rod AHS-024 Sample 98” Above Bottom of Fuel

MEASURED CALCULATED
QUANTITY VALUE VALIJE Z!.&

BUQNUP ,
ATOFJ%F1SS1ON

E’<POSURE,
dwD/T

A1OM FRACTIONS:

U234/U ●

U235/U =

U236/U ●

U23t3/U ●

PU240/PU ● *

PU241/PU .-

PU242/PU ‘*

ATOM RATIOS:
f4D443/Noq4Fj

?dD144/NDi48

Noi45/Nc1413

ND+46/ND148

NDi40/U2313

PU239/U23R

AM241/PU239 ● **

flM243/PU239 b**

CM242/PU239 ● =9

CM244/PU739 ● **

A.776 4 662 -2.39

45e54 46936 *2, IA

-9.70

+23 00

-2,!0

-0.04

-0,70

+7.10

-16.50

+19.60

-3.20

+17.10

-f.uo

+6.s0

+6.70

-0.16

+22.70

+!3.70

+53. 20

-20.5C

+9.50

MCA5UUEMENTS PERrORMEO AT 13A1TELLE COLUMBUS LABORATORIES
O)J l/18/M2(*). l/29rE2f””), AND f/05/a~~”””).

CALCIJLATED VALUES !ROM THE USE OF A DETAILED 1OTAL-CORE
POWER 141STORV. APPROPRIATE COOLING TIMES, AND
F.NIJF/’B-V OATA IN iTTIRAllVE lhNl)EM EPRI-CELL/CINOER-2
CALCULATIONS 10 CLINVF.PGL UPON THE MEASURIO ND!48/U238
ATOM RATIO,

— , .—



Table XI

Comparison of Differences Between Calculated
And tleasuredActinide Inventories

MEASURED CALCULATED
I)UANTITV

BURNUP ,
ATOM:ZFISS1ON

ExpOSURE.
MWD/T

ATOM FRACTIONS:
U234/U

U235/U

U236/U

u23.9/u

Pti239/Pll

PU240/PU

PU241/PU

PU242/PU

Al>41/AM

bM242/AM

AM2J3/AM

cr!242/cfn

CM243+244/CM

ATOM RATIOS:

NO148;U238

NP237/U236

PLa239/U23Ei

bJ24 l/U231?

CM242/L1238

VALUE VALUE w

1. 193

11450

i.776-4~ I.OX

1.512-2~ 0.6%

2.063-3~ 0.5%

5.B61-1: 0,5%

7.469-I? 0.1%

f.090-f~ 0.3?!

6.34:-2? O.SX

e.G94-3~ 1.3%

7.75 _-l+bo,o~

6,~2 -3468.0%

2, IFJ -t~GB,O;{

8.08 -l? 0.9X

1,92 -l? ~,o~

2,123-4~ 0.67?!

0.33 -5~le.ox

3,354-3A O.loz

8,98 -GfE90.X

8,R6 -7:12.9%

1.2!5

1.636-4

1.505-2

2.061-3

9.227-1

7.428-I

1.9ol-i

5.R94-2

8.154-3

6.52 -1

6.13B -3

3.41 -!

8.05 -1

1,95 -1

2.t29-4

IY.139 -5

3.224-3

3.785-6

5.BIO-7

+I,e

+3.4

-7.FI

-0,5

-0.1

+0,01

-0.5

+5.0

-7,1

-6,2

-!5.9

+7,9

~56,4

-0,4

+1,6

+0,3

+6.7

-3.9

-57,9

-34,4

MEASUREMENTS 0% G,F, , RFsuLTs OICAY-CORuFcTEO Tu SliuTOOWN

CALCUIATEO VALUES FROM THE USE OF A OFTAILEU POWEP HISTORY
ANO ENOF/El-V IJAIA IN ITTERA’ilVE TANDEM EPR1-CELL/CINDER 2
f hLcuLATIofJS 10 COtJVERGE UPON THE MEASURED
rID14t3/U23E ATOM RblIO,

—. ..—- ——- . .. .—
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